Introduction {#S0001}
============

Non-small cell lung cancer (NSCLC) is a malignancy with high mortality worldwide.[@CIT0001] In China, NSCLC is the most common type of cancer and a leading cause of cancer-related death. Genetic susceptibility, individual behavioral (tobacco and smoking), and environmental exposures, including air pollution, infection, and occupational exposures, have been demonstrated to be associated with the tumorigenesis of NSCLC.[@CIT0002] The overall age standardized incidence among men and women has only declined slightly over the past decades, and approximately half of NSCLC patients diagnosed at an advanced stage.[@CIT0003] The systemic therapies of NSCLC have revolutionized over recent years. Recently, the great success of the clinical application of epidermal growth factor receptor (EGFR)[@CIT0004] and immune checkpoint[@CIT0005],[@CIT0006] targeted therapies has significantly prolonged the overall survival rate of advanced NSCLC patients. However, owing to the low response rate and the intrinsic and acquired resistance, new treatment strategies are still an urgent demand. Thus, further elucidation of the underlying mechanisms and identification of novel anti-tumor targets would greatly aid clinicians in the development of new therapeutic strategies.

The "Warburg effect" is often observed in most human cancer cells, in which the cancer cells favor glucose metabolism via glycolysis even in the presence of oxygen.[@CIT0007] Hexokinases (HKs) catalyzes the first rate-limiting step of glycolysis and irreversibly phosphorylate glucose to glucose-6-phosphate. So far, mammalian HK isozymes, including HK1, 2, 3, and 4, have been identified.[@CIT0008] Accumulating evidence indicates that HK2 is frequently overexpressed and positively correlates with poor prognosis in multiple human cancers.[@CIT0009]--[@CIT0011] HK2 enhances the aerobic glycolysis in tumor cells and suppresses apoptosis by localizing in mitochondria and interacting with the voltage dependent anion channel (VDAC) to prevent the release of cytochrome c.[@CIT0012] Moreover, overexpression of HK2 is associated with chemo or radioresistance in cancer cells.[@CIT0013],[@CIT0014] Thus, HK2 could be a promising target for anti-cancer treatment.

In the present study, we found that sinomenine inhibited NSCLC cell growth both in vitro and in vivo through the reduction of HK2-mediated glycolysis. Our results suggest that sinomenine is a novel anti-tumor agent which could provide a new option for NSCLC prevention and treatment.

Materials and Methods {#S0002}
=====================

Cell Lines and Antibodies {#S0002-S2001}
-------------------------

Human non-small cell lung cancer, including HCC827, H1650, H1299, H23, H460, and H1975, as well as normal lung epithelial cells HBE and NL20, were obtained from American Type Culture Collection (ATCC, Manassas, VA). All cells were maintained according to ATCC protocols, and subjected to routinely checking for mycoplasma contamination. The Fetal Bovine Serum‎ (FBS), RPMI-1640, and DMEM cell culture medium were obtained from Thermo Fisher Scientific (Waltham, MA). The natural product, sinomenine (7,8-didehydro-4-hydroxy-3,7-dimethoxy-17-methylmorphinan-6-one), was obtained from Selleck Chemicals (Houston, TX). Lipofectamine 2000, which used for transient transfection, was a product of Invitrogen (\#11668019, Carlsbad, CA). Antibodies against HK1 (\#2024; 1:1000), p-H3 Ser10 (\#53348; 1:1000), VDAC1 (\#4866; 1:1000), cleaved-caspase 3 (\#9664; 1:1000), cleaved-PARP (\#5625; 1:1000), β-actin (\#3700; 1:5000), Cytochrome c (\#4280; 1:1000), Bax (\#14796; 1:1000), α-Tubulin (\#2144; 1:5000), p-Akt (\#4060; 1:1000), p-S6 (\#4858; 1:2000), HK2 (\#2867; 1:1000), and Akt (\#2920; 1:1000), were purchased from Cell Signaling Technology, Inc. (Beverly, MA). The Ki67 (ab16667, IHC: 1: 250) antibody and second antibodies used for immunofluorescence were obtained from Abcam (Cambridge, UK).

Knock Out and Knock Down {#S0002-S2002}
------------------------

The HK2 sgRNA (TCAGATCTATGCCATCCCTG) was purchased from Addgene (\#76309). For HK2 knockout stable cell generation, the NSCLC cells were transfected with HK2 sgRNA and selected by 1μg/mL puromycin for three weeks. The Akt1/2 siRNA pool (sc-43609) and siCtrl (sc-37007) were purchased from Santa Cruz Biotechnology (Dallas, TX).

MTS Assays {#S0002-S2003}
----------

The CellTiter 96^®^ Aqueous One Solution Cell Proliferation Assay kit (MTS) was used for cell viability analysis and performed according to the standard protocol. Briefly, cells (3000/well) in 96-well plates were treated with sinomenine for 0, 24, 48, and 72 h. The MTS reagent (20 μL/well) was added to the cell culture medium and incubated at a 37°C incubator for 1 h. Cell viability was examined using the Microplate reader (Bio-tek).

Anchorage-Independent Cell Growth {#S0002-S2004}
---------------------------------

Soft agar assay was performed as described previously.[@CIT0015] Briefly, the cells were counted and seeded into 6-well plates at a density of 8×10^3^/per well with 0.3% Basal Medium Eagle agar containing 10% FBS and various doses of sinomenine or DMSO control. The colonies were counted using a microscope (BX60 BF/DF transmitted and reflected light microscope, Olympus) two weeks later.

Immunofluorescence {#S0002-S2005}
------------------

The NSCLC cells in chamber slides were treated with sinomenine or DMSO control for 24 h, and fixed/permeabilized with ice-cold methanol in a cold room for 20 min. Blocking was performed using 5% BSA in PBS for 1 h at room temperature, followed by hybridization with primary antibodies (p-Histone H3 S10, c-caspase 3) at 4°C in a humidified chamber overnight. The slides were incubated with second antibodies for 45 min at room temperature. DAPI (P36935, Thermo Fisher Scientific) was used for nuclei counterstaining. The images were viewed and captured using the confocal fluorescence microscope system (NIKON C1si; NIKON Instruments Co.).

Subcellular Fractions {#S0002-S2006}
---------------------

The Mitochondria Isolation Kit for Cultured Cells (\#89874, Thermo Fisher Scientific) was used for the isolation of subcellular fractions according to the manufacturer's protocol.

Western Blotting {#S0002-S2007}
----------------

The immunoblotting was performed as described previously.[@CIT0016] Briefly, NSCLC cells were treated with sinomenine or DMSO control. Whole-cell extract (WCE) was prepared using RIPA buffer and concentrated with the Protein Assay Kit (Thermo Fisher Scientific). WCE (20 μg) was subjected to SDS-PAGE analysis, followed by transfer onto PVDF membranes, and blocking with 5% non-fat milk. The membrane was incubated with the primary antibody overnight at 4°C. After a wash with PBST, the membrane was hybridized with a secondary antibody for 30 min at room temperature. The horseradish peroxidase (HRP) chemiluminescent substrate was used for visualization.

Glucose Uptake and Lactate Production {#S0002-S2008}
-------------------------------------

The glucose uptake and lactate production analysis were performed as described previously.[@CIT0017] NSCLC cells with sinomenine or DMSO control treatment were seeded in 6-well plates at a density of 1×10^6^/well. The cells were cultured at the incubator for 10 h, and the cell culture medium was subject to glucose and lactate measurement at the Clinical Laboratory of Hunan Cancer Hospital (Changsha, China). Relative glucose consumption and lactate production were normalized by protein concentration.

Xenograft Mouse Model {#S0002-S2009}
---------------------

The in vivo animal assay was approved by the Animal Ethics Committee of Hunan Cancer Hospital. Human H460 cells (1× 10^6^) and HCC827 cells (4× 10^6^) were inoculated s.c. into the right flank of 6-week-old female athymic nude mice. Sinomenine treatment at a dose of 40 mg/kg was initiated daily by i.p. injection when tumor volume reached 100 mm^3^. Tumor volume was recorded by vernier caliper and calculated as A ×B^2^ × 0.5. The A is the longest diameter of the tumor, B is the shortest diameter, and B^2^ is B squared.

Immunohistochemical Staining (IHC) {#S0002-S2010}
----------------------------------

The NSCLC tissue array was purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China) (Cat. Hlug-NSCLC150PT-01) and used for HK2 protein level analysis. This array contains 75 cases of NSCLC tumor tissues and paired adjacent tissues. The staining was performed as described previously.[@CIT0018] Briefly, the slide was deparaffinized for 1 h at 60°C and rehydrated in ddH~2~O. The antigen retrieval was performed by immersing into boiling sodium citrate buffer (10 mM, pH 6.0) for 10 min. After treated with 3% H~2~O~2~ for 10 min, the slide was blocked with 50% goat serum albumin for 1 h at room temperature, followed by incubated with primary and second antibodies. The DAB Substrate Kit (Thermo Fisher Scientific) ‎ was used for visualization. Immunohistochemical staining evaluation was performed as previously described.[@CIT0018] The percentage of positive cells was scored as follows: 0, no positive cells; 1, ≤ 10% positive cells; 2, 10--50% positive cells; 3, \> 50% positive cells. Staining intensity was scored as follows: 0, no staining; 1, faint staining; 2, moderate staining; 3, dark staining. The comprehensive score = staining percentage × intensity.

Statistical Analysis {#S0002-S2011}
--------------------

The Statistics Package for Social Science (SPSS) software (version 13.0; SPSS, Chicago, IL, USA) was used for Standard statistical analysis. The qualified data were presented as mean values ± S.D. and analyzed using the Student's *t*-test or Brown-Forsythe and Welch ANOVA test. A *p* value \< 0.05 was considered statistically significant.

Results {#S0003}
=======

HK2 Is Highly Expressed in Human NSCLC Cancer Cells {#S0003-S2001}
---------------------------------------------------

We first examined the 2-DG uptake and lactate production in NSCLC cells and two immortalized lung epithelial cells under normoxic conditions. Our data demonstrated that the aerobic glycolysis in NSCLC cells was significantly upregulated. The efficacy of 2-DG uptake ([Figure 1A](#F0001){ref-type="fig"}) and lactate production ([Figure 1B](#F0001){ref-type="fig"}) were increased robustly in NSCLC cancer cells. Moreover, the immunoblotting (IB) data showed that HK2 was highly expressed in NSCLC cells, but not the HBE and NL20 cells ([Figure 1C](#F0001){ref-type="fig"}). We further determined HK2 expression using a human NSCLC tissue array by immunohistochemistry (IHC) staining. As data shown in [Figure 1D](#F0001){ref-type="fig"}, HK2 is highly expressed in tumor tissues when compared to that of the matched adjacent tissues. To validate the effect of HK2 on NSCLC cell viability, we constructed HK2 knockout stable cells in H460 and HCC827 ([Figure 1E](#F0001){ref-type="fig"}) cells. The sgRNA stable expressing cells blocked HK2 expression, whereas the HK1 was unaffected. The MTS result showed that the depletion of HK2 decreased cell viability ([Figure 1E](#F0001){ref-type="fig"}) and inhibited the colony formation in soft agar ([Figure 1F](#F0001){ref-type="fig"}). Also, the tumor formation efficacy of HK2 deficient H460 cells was significantly impaired in nude mice, as the tumor volume form H460-sgHK2 cells was smaller than that of the H460-sgCtrl ([Figure 1G](#F0001){ref-type="fig"} and [1H](#F0001){ref-type="fig"}). Consistently, the xenograft tumor weight form the sgHK2 cell was much lighter when compared with that of the sgCtrl cell ([Figure 1I](#F0001){ref-type="fig"}). These results suggest that the depletion of HK2 in NSCLC cells reduces tumorigenic properties both in vitro and in vivo.Figure 1Depletion of HK2 decreased tumorigenic properties of aerobic glycolytic non-small cell lung cancer (NSCLC) cells. (**A** and **B**) 2-DG uptake (**A**) and lactate production (**B**) in various NSCLC cells and immortalized lung epithelial cells. (**C**) HK2 expression in NSCLC cells and immortalized lung epithelial cells were analyzed by immunoblotting L.E: Long exposure; S.E, short exposure. (**D**) immunohistochemistry (IHC) analysis of HK2 expression in NSCLC tissue array. (**E**) Cell viability of HK2 knockout and control H460 (left) and HCC827 (right) stable cells were analyzed by MTS assay. The IB data showed the HK2 protein levels in sgCtrl and sgHK2 cells. (**F**) Anchorage-independent cell growth of HK2 knockout and control H460 (top) and HCC827 (bottom) cells. (**G-I**) Average tumor volume (**G**), photographed tumor mass (**H**), and average tumor weight (**I**) of HCC827 sgCtrl and sgHK2 xenograft tumors. \*\*\*p\<0.001.

Sinomenine Inhibits Glycolysis and Cell Growth in NSCLC Cells {#S0003-S2002}
-------------------------------------------------------------

Sinomenine ([Figure 2A](#F0002){ref-type="fig"}) exhibits a profound anti-tumor efficacy against several human cancers.[@CIT0019],[@CIT0020] However, the effect of sinomenine on glycolysis is not unclear. We found that the culture medium of sinomenine-treated HCC827cells turned yellow much slower than that of untreated cells. This phenotype indicates that sinomenine might decrease the glycolysis in NSCLC cells. Our data showed that the control (DMSO-treated HCC827) cells showed a much stronger capacity to reduce the pH values of cell culture medium than the sinomenine-treated HCC827 ([Figure 2B](#F0002){ref-type="fig"}), we thus hypothesized that this phenotype might be due to lactate acidosis. We further examined the effect of sinomenine on the expression of a panel of glycolytic enzymes by qRT-PCR and Western blotting in HCC827 cells. The result showed that the mRNA and protein level of HK2, but not HK1 or other glycolytic enzymes, was reduced significantly in sinomenine-treated HCC827 cells ([Figure 2C](#F0002){ref-type="fig"}, [[Supplementary Figure 1](http://www.dovepress.com/get_supplementary_file.php?f=243212.docx)]{.ul}).Figure 2Sinomenine inhibits HK2-mediated glycolysis in aerobic glycolytic NSCLC cells. (**A**) The structure of sinomenine. (**B**) pH value of cell culture medium form sinomenine-treated NSCLC cells. (**C**) qRT-PCR analysis of the glycolysis-related genes with 100 μM sinomenine treatment in HCC827 cells. (**D-F**) sinomenine inhibited HK2 expression (left), and reduced glucose uptake (middle) and lactate production (right) in HCC827 (**D**), H1975 (**E**), and H460 (**F**) cells. SIN, sinomenine. \*p\<0.05, \*\*\*p\<0.001.

Furthermore, the immunoblotting (IB) result indicated that sinomenine decreased the protein level of HK2 dose-dependently, whereas the HK1 was unaffected ([Figure 2D](#F0002){ref-type="fig"}). The efficacy of glucose consumption and lactate production in sinomenine -treated HCC827 cells were impaired significantly ([Figure 2D](#F0002){ref-type="fig"}). The similar inhibitory effect of sinomenine on HK2 expression, as well as glucose consumption and lactate production, were observed in H1975 ([Figure 2E](#F0002){ref-type="fig"}) and H460 cells ([Figure 2F](#F0002){ref-type="fig"}). We next determined whether the decrease of glycolysis in NSCLC cells suppressed cell growth. The results showed that sinomenine did not affect the cell growth of immortalized lung epithelial cells HBE and NL20 ([Figure 3A](#F0003){ref-type="fig"}). However, sinomenine decreased the cell viability of NSCLC cells, including HCC827, H1975, and H460 cells, in a time- and dose-dependent manner. ([Figure 3B](#F0003){ref-type="fig"}-[D](#F0003){ref-type="fig"}). Also, the soft agar assay showed that sinomenine inhibited colony formation dose-dependently in HCC827, H1975, and H460 cells ([Figure 3E](#F0003){ref-type="fig"}-[G](#F0003){ref-type="fig"}). We next examined the phosphorylation of histone H3 S10, a marker for cancer cell proliferation. As shown in [Figure 3H](#F0003){ref-type="fig"}, treatment with sinomenine significantly inhibited the expression of p-H3 Ser10. This data further confirmed that sinomenine decreased the growth of NSCLC cells.Figure 3Sinomenine inhibits cell growth and colony formation of NSCLC cells. (**A**) MTS assay analysis of the cell viability of HBE and NL20 cells treated with sinomenine for 72 h. (**B-D**) MTS assay analysis of the cell viability of HCC827 (**B**), H1975 (**C**), and H460 (**D**) cells treated with sinomenine with different doses and time points. (**E-G**) the effects of sinomenine on colony formation of HCC827 (**E**), H1975 (**F**), and H460 (**G**) cells. (**H**) Immunofluorescence (IF) analysis of Histone H3 Ser 10 phosphorylation in sinomenine-treated HCC827 cells. \*\*p\<0.01, \*\*\*p\<0.001.

Overexpression of HK2 Reduces Sinomenine-Induced Apoptosis in NSCLC Cells {#S0003-S2003}
-------------------------------------------------------------------------

We next determined whether treatment with sinomenine could cause cell death. The result showed that pre-treated with apoptosis inhibitor z-VAD-fmk, but not the necroptosis inhibitor necrostatin-1 or GSK'873, rescued sinomenine-induced cell death ([Figure 4A](#F0004){ref-type="fig"}). The trypan blue exclusion assay also showed that z-VAD-fmk increased the population of live cells in the presence of sinomenine treatment ([Figure 4B](#F0004){ref-type="fig"}). These results indicated that sinomenine promoted apoptosis in NSCLC cells. By analyzing the activity of caspase 3, we showed that sinomenine increased the activity of caspase 3 dose-dependently ([Figure 4C](#F0004){ref-type="fig"}). Furthermore, the IB data demonstrated that the cleaved-caspase 3 and -PARP were up-regulated robustly ([Figure 4D](#F0004){ref-type="fig"}). The immunofluorescence results indicated that sinomenine increased the population of cleaved-caspase 3 positive cells ([Figure 4E](#F0004){ref-type="fig"}). To determine whether intrinsic apoptosis was involved, the subcellular fractions, including mitochondrial and cytosolic fractions, were isolated. As shown in [Figure 4F](#F0004){ref-type="fig"}, sinomenine decreased the expression of Bax in cytosolic fraction but enhanced its protein levels in the mitochondrial fraction. Consistently, the release of cytochrome c from mitochondria to the cytoplasm was increased with sinomenine treatment ([Figure 4G](#F0004){ref-type="fig"}). Overexpression of HK2 compromised sinomenine-induced intrinsic apoptosis ([Figure 4G](#F0004){ref-type="fig"}). The results showed that overexpression of HK2 increased the population of live cells ([Figure 4H](#F0004){ref-type="fig"}-[J](#F0004){ref-type="fig"}), and reduced the expression of cleaved-caspase 3 and -PARP ([Figure 4J](#F0004){ref-type="fig"}). These data suggest that sinomenine induced mitochondrial apoptosis is partly dependent on the downregulation of HK2.Figure 4Overexpression of HK2 reduces sinomenine-induced mitochondrial apoptosis in NSCLC cells. (**A** and **B**) HCC827, H1975, and H460 cells were pre-treated with z-VAD-fmk, necrostatin-1, or GSK'873 for 4 h, followed by sinomenine treated for 72 h, cell viability was determined by MTS (**A**) and trypan blue exclusion assay (**B**). (**C**) Caspase 3 activity in sinomenine-treated NSCLC cells. (**D**) The expression of cleaved-caspase 3 and -PARP in sinomenine-treated NSCLC cells was analyzed by IB. (**E**) Cleaved-caspase 3 in sinomenine-treated HCC827 cells was determined by IF analysis. (**F**) The expression of cytochrome c and Bax in subcellular fractions of sinomenine-treated HCC827 cells was determined by IB analysis. Cyto, cytosolic fraction, Mito, mitochondrial fraction. (**G**) The expression of HK2, cytochrome c, and Bax in subcellular fractions of sinomenine-treated HCC827 cells with HK2 overexpression was determined by IB analysis. Cyto, cytosolic fraction, Mito, mitochondrial fraction. (**H** and **I**) HCC827 cells were transfected with HK2 and treated with sinomenine, cell viability was analyzed by MTS (**H**) and trypan blue exclusion assay (**I**). (**J**) The expression of cleaved-caspase 3 and -PARP in sinomenine-treated HCC827 cells with HK2 overexpression was examined by IB analysis. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

Inhibition of Akt Signaling Is Required for Sinomenine-Mediated Glycolysis Suppression {#S0003-S2004}
--------------------------------------------------------------------------------------

We next examined which signaling pathway was required for glycolysis in NSCLC cells. Interestingly, the results revealed that sinomenine inhibited the activity of Akt and downstream kinase S6 dose-dependently ([Figure 5A](#F0005){ref-type="fig"}). Furthermore, treated with wortmannin, an Akt signaling inhibitor, decreased Akt activity, HK2 expression, and glycolysis in HCC827 ([Figure 5B](#F0005){ref-type="fig"}) and H1975 ([Figure 5C](#F0005){ref-type="fig"}) cells. To further validate the function of Akt in sinomenine-induced glycolysis suppression, Akt knockdown cells were generated using the Akt siRNA in HCC827 and H1975 cells. The IB data showed that transfection with Akt siRNA caused a robust decrease of Akt and HK2 protein levels simultaneously ([Figure 5D](#F0005){ref-type="fig"}). Meanwhile, the glycolysis was compromised in Akt silencing NSCLC cells ([Figure 5E](#F0005){ref-type="fig"}). Ectopically overexpression of constitutively activated Akt1, Myr-Akt1, rescued sinomenine-induced HK2 reduction, glycolysis suppression ([Figure 5F](#F0005){ref-type="fig"}), and apoptosis induction. ([Figure 5G](#F0005){ref-type="fig"}). Consistently, the IF data revealed that Myr-Akt1 transfected HCC827 cells exhibited a significant reduction of cleaved-caspase 3 positive cells ([Figure 5H](#F0005){ref-type="fig"}). These results indicated that suppression of Akt signaling is required for sinomenine-mediated glycolysis reduction in NSCLC cells.Figure 5Inhibition of Akt activity is required for sinomenine-mediated glycolysis suppression. (**A**) IB analysis of Akt and S6 phosphorylation in sinomenine-treated HCC827 (left) and H1975 (right) cells. (**B** and **C**), IB analysis of Akt phosphorylation and HK2 expression in sinomenine or wortmannin treated HCC827 (**B**) and H1975 (**C**) cells. (**D**) IB analysis of HK2 and Akt protein levels in siCtrl and siAkt transfected HCC827 and H1975 cells. (**E**) Glucose uptake (left) and lactate production (right) in siCtrl and siAkt transfected HCC827 and H1975 cells. (**F**) IB analysis (left), glucose consumption (middle), and lactate production (right) measurement of HCC827 cells were transfected with Myr-Akt1. (**G**) IB analysis of cleaved-caspase 3 and PARP in HCC827 cells transfected with Myr-Akt1. (**H**) IF analysis of cleaved-caspase 3 in sinomenine-treated HCC827 cells with Myr-Akt1 transfection. \*\*p\<0.01, \*\*\*p\<0.001.

Sinomenine Inhibits Tumor Development in a Xenograft Mouse Model {#S0003-S2005}
----------------------------------------------------------------

We next determined the anti-tumor effect of sinomenine in xenograft mouse models. Results indicated that treatment with sinomenine significantly delayed in vivo tumor development. The average volume of the vehicle-treated HCC827 xenograft tumor was 632 ± 112 mm^3^, whereas the size of the sinomenine-treated tumor was 253 ± 43 mm^3^ ([Figure 6A](#F0006){ref-type="fig"}). Furthermore, we observed similar anti-tumor efficacy in H1975 xenograft tumors. The average tumor volume of the vehicle-treated control group and the sinomenine-treated group were 779± 128 mm^3^ and 266 ± 68 mm^3^, respectively ([Figure 6B](#F0006){ref-type="fig"}). In addition, the tumor mass and tumor weight were reduced significantly in sinomenine-treated group in both HCC827 and H1975 cells derived tumors ([Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}). The population of Ki-67 positive cells was decreased dramatically in sinomenine-treated tumors. Moreover, the p-Akt and HK2 staining were greater in tumors with vehicle treatment ([Figure 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). These results further confirmed that sinomenine exhibited a profound anti-tumor effect in the animal models.Figure 6Sinomenine inhibits in vivo tumor growth. (**A** and **B**) The average tumor volumes derived from HCC827 (**A**) and H1975 (**B**) cells with vehicle or sinomenine treatment. (**C** and **D**) Tumor weight (left) and tumor mass (right) of HCC827 (**C**) and H1975 (**D**) xenograft tumors. (**E** and **F**) The expression of Ki67, p-Akt, and HK2 in xenograft tumors were analyzed by immunohistochemical staining (**E**) and qualification (**F**). All panels are of the same magnification. \*\*\*p\<0.001.

Discussion {#S0004}
==========

Recently studies have shown that the natural product, sinomenine, an active alkaloid which isolated from the Chinese medicinal plant *Sinomenium acutum*, exhibits a remarkable anti-tumor activity against a wide range of human malignancies. The anti-tumor activity of sinomenine was well studied in gastric,[@CIT0021],[@CIT0022] breast,[@CIT0023] prostate,[@CIT0024] cervical[@CIT0025] cancer, renal cell carcinoma,[@CIT0026] and glioma.[@CIT0027] Inhibition of cell cycle progression,[@CIT0027] angiogenesis,[@CIT0026] metastasis,[@CIT0028] and induction of apoptosis or autophagy are involved in sinomenine-mediated anti-tumor activity.[@CIT0019],[@CIT0029] However, the function of sinomenine on cancer cell metabolism, especially glycolysis, is not clear. In this study, we found that sinomenine attenuated HK2-mediated glycolysis and induced mitochondrial apoptosis. Importantly, we revealed that suppression of the Akt signaling was required for sinomenine-induced HK2 and glycolysis reduction.

Hyperactivation of glycolysis is a hallmark of human cancers.[@CIT0030] Overexpression of glycolytic enzymes, including GLUT1, HK-2, and PKM2, was related to the dysfunction of aerobic glycolysis.[@CIT0031] Notably, aerobic glycolysis provides a large number of intermediates for macromolecular biosynthesis in cancer cells. Moreover, the acidic microenvironment, which was caused by the accumulation of lactate in tumor tissues contributes to metastasis and anti-cancer therapy resistance.[@CIT0032],[@CIT0033] Recent studies revealed that HK2 is highly expressed in NSCLC cells and related to lung tumorigenesis and positively correlated with poor prognosis.[@CIT0034] Glycolysis was activated under hypoxic conditions in various human cancer cells. Here, we demonstrated that a panel of human NSCLC cells displayed aerobic glycolysis phenotype even under normoxic conditions, and the glucose consumption and lactate production were increased significantly. Depletion of HK2 by sgRNA suppressed cell growth, colony formation, and tumor development in the xenograft mouse model, further confirmed that HK2 is required for maintaining of malignancy properties of NSCLC cells. Furthermore, we demonstrated that sinomenine exhibited a profound anti-tumor effect by inhibition of HK2-mediated glycolysis. This evidence consistent with early findings that targeting HK2 and glycolysis inhibited tumor growth and induced apoptosis both in vitro and in vivo in human cancer cells.[@CIT0035]--[@CIT0037]

Akt signaling plays a critical role in controlling cell growth, survival, and metabolic reprogramming.[@CIT0038] Accumulating evidence revealed that mutation of the PIK3CA and/or loss of PTEN, which caused the hyperactivation of Akt signaling, enhanced tumor cell growth, and conferred chemo/radiotherapy resistance.[@CIT0038] Moreover, Akt signaling is required for maintaining of HK2 expression and activated Akt phosphorylated HK2 and promoted its localization on mitochondria to regulate apoptosis and cisplatin sensitivity.[@CIT0039] HK2 is dominantly regulated by various oncogenic pathways, including c-myc, PI3K/Akt, NF-κB, and HIF-1α.[@CIT0040]--[@CIT0042] Our data showed that suppression of Akt signaling was required for sinomenine inhibited HK2 and glycolysis. Ectopically overexpression of constitutively activated Akt1, Myr-Akt1, partly rescued sinomenine-induced glycolysis inhibition and apoptosis induction. The effect of sinomenine on c-myc and HIF-1α as well as HK2 expression in human cells is not clear. Even sinomenine suppressed the activation of NF-κB signaling in cancer cell,[@CIT0043] the function regarding sinomenine on NF-κB regulated HK2 expression in NSCLC cells need further elucidate.

Overall, this study indicates that HK2 plays a critical role in ma intaining aerobic glycolysis in human NSCLC cells. Sinomenine inhibits NSCLC cells is partly dependent on the inhibitory effect on HK2-mediated glycolysis. This study expended the anti-tumor mechanisms of sinomenine, and targeting HK2 might be an alternative approach for NSCLC treatment.
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